The rate coefficients for electron collisional-radiative ionization and recombination have been calculated on the basis of a simplified level scheme for hydrogenic ions in a homogeneous and fully contained plasma with self-absorption for (Doppler broadened) Lyman a radiation. The energy distribution of the electrons is assumed to be Maxwellian. Photoionization is neglected. The calculation have been done for a range of electron temperature of Z 2 to 10 Z 2 eV and electron density of 10 14 Z 7 to 10 24 Z 7 m~3, where Z is the charge number of the bare nucleus.
Introduction
For a hydrogenic plasma, i.e., a plasma that consists of ions or atoms with only one electron around the nucleus and of bare nuclei, the electronic ionization and recombination rate coefficients have been numerically computed in detail. The plasma was assumed to be optically thin, either throughout the spectrum (case A) h 2 -3 , or throughout the spectrum except for resonance radiation, which is completely absorbed (case B) 3 ' 4 .
However, if the plasma is neither optically thin nor thick towards the resonance lines the rate coefficients depend also on the optical depths of the plasma for the resonance lines. An exact computation is complicated and would require a detailed solution of the equations for radiative transfer coupled with those determining the level populations of the ions or atoms.
In this paper we have tried, for the purpose of making estimates in plasma physical problems, to extend the results from previous computer calculations [1] [2] [3] [4] to the intermediate range between cases A and B by using an approximate model 5 for the collisional and radiative processes in the hydrogenic ion or atom.
According to Holstein's treatment 6 the influence of resonance radiation trapping is taken into account by the reduction of the spontaneous transition prob-* Reprints request to the present address: R. MEWE, Laboratorium voor Ruimteonderzoek, University of Utrecht, Utrecht, The Netherlands. ability of the Lyman a line by a numerical factor indicating the average probability for the resonance photons to escape out of the plasma volume.
In the above-mentioned computations the assumption is always made that for each set of values of the electron temperature, Te, and density, ne, respectively, the population density of each excited state of the ion or atom is established instantaneously, without the number densities of free electrons, bare nuclei, and hydrogenic ions (atoms) being appreciably altered. Such a quasi-equilibrium.
in which the excited level populations can be referred to a particular set of densities of ions (atoms) in the ground state, free electrons, and bare nuclei, is possible if the relaxation times for the excited levels are much shorter than those for the ground level or the free electrons. It can be shown that in the considered region of electron temperatures and densities the conditions for the quasi-equilibrium are satisfied 4 . For the results to be applicable to transient plasmas, it has to be verified that the relaxation times for the equilibrium are much shorter than the characteristic times for the relevant plasma parameters, e.g., Te and ne .
In the computations it is assumed that the electrons have a Maxwellian energy distribution. This implies that the mean free path for elastic electronelectron collisions must be smaller than the plasma dimensions and, in the case of a transient plasma, the electron-electron collision time must be much shorter than the characteristic times of the plasma parameters. Further, the ratio of the electron to the hydrogenic ion density must be high enough (i.e., 10~2 in the considered electron temperature region) in order that inelastic collisions between electrons and ions cannot influence the tail of the electron energy distribution.
For example, in a pinch discharge of modest temperature, say several tens of eV, the conditions above are met approximately.
Because in the equations of continuity the divergences of the particle fluxes are ignored (assumption of homogeneity), the results are not applicable to those regions of the plasma where strong gradients in temperature and density exist.
The plasma is assumed to be fully contained in that sense that diffusion into and from the plasma particles, especially neutrals 7 , cannot affect the degree of ionization and excitation in the plasma. For a hydrogen plasma the effect of atom-atom collisions 8 is neclected so that the ionization degree should be high enough (i.e., 10 -3 ).
Finally, photoionization is neglected, i.e., the plasma is assumed to be optically thin towards continuum radiation.
Scheme of Processes and Rate Equations
The physical processes, which occur in the ionization of hydrogenic ions or atoms of charge number Z-1 to form bare nuclei of charge number Z as well as in the inverse recombination process, will be considered on the basis of a simplified level scheme. These processes, with their rate coefficients in parenthesis, are (cf. Fig. 1 ) :
(i) Collisional ionization from level 1 (5ic), (ii) radiative recombination to level 1 (acl), (iii) collisional excitation 1->2(S12), (iv) collisional deexcitation 2->1 (521), (v) radiative decay (corrected for self-absorption) of level 2 to the ground level 1 (T2iA21), (vi) collisional ionization from level 2, direct and, at higher ne, also through excitation from upper bound levels p(S2c), (vii) collisionalradiative recombination to level 2, i.e., radiative and three-body recombination, either direct or stepwise through radiative decay and collisional de-excitation from levels p(ctc2). Dielectronic recombination 9 is not possible because for this process the ion must have at least two electrons.
In the level diagram
is the absolute energy difference between the levels with principal quantum numbers p and q, respectively, and Ez_i(p, c) = 13.6 Z 2 p _2 (eV) the energy of ionization from level p to the continuum
(c).
In the hydrogenic level scheme the first excited level lies already at 3 A times the total ionization energy above the ground level. Because we will assume that k 7 , e<£z-i(l> 2) we may expect that the first excited level will play a dominant role in the stepwise processes. Therefore, in the rate equations for the level populations we have presented explicitly only the ground and first excited level and we have put the effect of the higher levels into the rate coefficients S2c and ac2, which therefore depend, except on Te , also on ne .
We now consider a plasma that consists of Z -1 times charged hydrogenic ions (atoms) and of Z times charged bare nuclei. It is assumed here that the preceding ionization stage is stationary so that ionization or recombination of ions of charge Z -2 or Z-1, respectively, can be neglected. The same holds for the succeeding ionization stage (Z)^(Z + 1). Then the rate equations that govern the population densities, rcz-i(l) and nz_i(2), of the ground and first excited level, respectively, of the hydrogenic ion or atom can be written as:
3nz_i(l)/3«= -nz_i(l) ne(Slc + S12)
3rez_i(2)/3<= -nz_i(2) ne(S2c + S2i + T21 ^2i/ne)
where nz is the number density of the bare nuclei.
The divergences of the particle fluxes are neglected in the equations because the plasma is assumed to be homogeneous and fully contained. Provided the relaxation time of the excited level is much shorter than that of the ground level, which is generally true 10 ' 11 , it follows that /iz_i(2) quickly rises to a quasi-equilibrium value (the symbol Q denoting the quasi-equilibrium)
and that thereafter 3rcz_i(l)/3z= - Substituting the reduced quantities into the Eqs. (4) and (5) we obtain for the reduced coefficients for ionization and recombination 
S12,
be for the region 0=1 to 10 eV (where the change of ionization phase usually takes place) 12 :
S"lc = 9.4 x IO" 15 A 0 1/2 exp{-13.6/0}, ( 
Trapping of Resonance Radiation
The effect of resonance radiation trapping we take into account by reducing the spontaneous emission probability, A21, of the Lyman a transition 2 -> 1 by a fractional factor T21, introduced by Holstein who named it escape factor 6 . It represents the average probability for escape from the plasma volume of a resonance photon emitted in the transition 2->-1. For a Doppler broadened line it has, for large optical thickness, the following asymptotical form 6 :
where r is the total optical thickness of the plasma at the line centre, and C is a numerical factor of the order of 1. This formula is valid under the conditions that the rate of de-excitation by electron collisions of the resonance level is less than the net radiative de-excitation rate: ne S21 T21 A21. In the high electron density limit (ne S21 T21 A21) C begins to deviate from one and approaches about the value In r 13 . However, in this case the precise value of T21 does not matter because then the population of the upper level 2 is determined by collision processes.
Since a comparison 14 between the escape factor method and detailed numerical calculations of the radiative transfer in a homogeneous plasma slab with two-level atoms 15 shows that the results for the excited level populations in the centre of the plasma always agree within 50% for r = 10 _1 -10 4 , it seems to be justified to estimate the influence of radiation trapping in such an approximative manner.
We have slightly modified Eq. (9) (with C=l) so as to extend its validity towards small optical depths. By writing
we obtain a formula that fits within 30% the expres- 
where the reduced radius, R*, is given by R*=Z*(nz_1a)/ne)(Mz_1Te/Tz_iy*R.
Here, Tz_\ is the temperature of the hydrogenic ions (atoms) of charge Z-1, and Mz_\ is the ion mass in terms of the mass of a hydrogen atom. The latter formula shows that the effect of self-absorption on the reduced ionization and recombination rates rapidly increases with increasing atomic number, Z.
We will consider two important assumptions made in this section. (ii) The resonance line profile is determined only (Tesla).
Numerical Results for 5* and a* and Discussion
From Eqs. (6)- (8) and (10) - (12) We may note that the effect of resonance radiation trapping on the ionization rate has also been
Introduction
In the course of work on screw pinches at Jutphaas it has been shown 1-5 that for a toroidal screw pinch with a longitudinal current of the order of the Kruskal-Shafranov limit to be stable against kink modes the ß of the plasma must be kept low, say, ß < 0.25 (ß = kinetic plasma pressure/confining magnetic field pressure). In such a screw pinch the ratio of the axial and azimuthal magnetic field is of the order of R/rx , in which R is the major and rt is the minor radius of the toroidal discharge tube [1] [2] [3] [4] . As in practice R/rt 1, the plasma compression is mainly determined by the axial field, so that the heating mechanism is similar to that in a common theta pinch.
The theta pinch is well known for its capability to produce a hot and dense plasma with a high ß.
However, if the ß is lowered by trapping a magnetic bias field parallel to the main confining field, the heating becomes less effective because of the reduction of the compression ratio [6] [7] [8] . The production of a low-/? pinch -such as the above-mentioned screw pinch -therefore requires a large capacitor bank. This paper gives the formulae necessary to calculate the parameters of this bank. A reduction of costs is possible if, in addition to the main capacitor bank, a small fast bank is used. This method, described earlier by DE VRIES 3 , has the advantage of a high initial field rise and therefore of an increased heating during the fast implosion.
Formulae for the Heating of a Theta Pinch
In a theta pinch device the plasma is produced and heated by the shock and adiabatic compression due to a fast rising magnetic field induced by discharging a low-inductance capacitor bank through a coil around the discharge tube.
